Biological oxidation of radiolabeled 13NH4+ (half-life = 10 min) was observed within minutes in assays of an estuarine ammonium oxidizer and in natural populations of nitrifiers in coastal waters. Our estimates of turnover of the ammonium pool and rates of nitrification based on experiments using 13N are consistent with previous values in the literature based on longer-term 15N tracer experiments or on indirect methods and thus provide corroboration for the estimates by other researchers.
In the sea, autotrophic nitrification is considered an important component of the marine nitrogen cycle since the largest pool of inorganic nitrogen is nitrate, the end product of nitrification (9) . Furthermore, nitrification appears to be a major natural source of N20, a trace greenhouse gas of current concern (3) . However, little is known about the in situ rates of this process since direct estimates of the rate of nitrification are rare and hard won (9) , a result of the apparently low activity of marine nitrifiers and the inherent insensitivity of available means of direct determination of nitrification rate. Several sensitive, indirect procedures have been developed (11) but do not provide a straightforward means of quantitating nitrification rate (9, 11) .
In contrast to biogeochemical studies of carbon, phosphorus, and sulfur, investigations of nitrogen have been hampered by the lack of a convenient radioisotope. However, with access to appropriate facilities, a short-lived radioactive isotope of nitrogen (13N, half-life of about 10 min) is available. The disadvantages of the short half-life of the isotope and the need to perform experiments at or near the site of isotope production are offset by the high sensitivity inherent with "N (13), which allows assays over brief periods and quick results compared with experiments with stable isotopes. In fact, with the radioactive yields obtainable (>10 mCi), the effective use time of the isotope can be in excess of 1 h, which is sufficient for direct determination of rate constants for many transformations of interest. Furthermore, it is possible to perform true tracer experiments and directly assess the rate of particular transformations of nitrogen since a natural pool can be labeled without any significant change in the pool size. While the 13N radioisotope approach cannot practically supplant routine approaches for determining in situ rates of biologically catalyzed reactions of nitrogen, it provides complementation and independent confirmation of more widely used approaches. Furthermore, it is an important adjunct tool for addressing specific ecological or physiological questions.
"N has been used in biomedical, biochemical, physiological, and ecological studies (2) . Previous ecological studies have examined inorganic nitrogen uptake by lake phytoplankton (8) and denitrification of soil (14) and lake sediment (7) . Except for our recent efforts (5, 16, 17) , however, to our knowledge "N has never been used in studies of nitrogen * Corresponding author. cycling in marine ecosystems or in any investigations of nitrification. This is somewhat surprising, given the difficulty in measuring the nitrification process by other means and the perceived importance of nitrification in nitrogen cycling in terrestrial and aquatic systems. It is noteworthy that Schell (13) specifically considered the potential advantages of a 13N approach to nitrification studies. We report here the first direct determination with 13N of rates of nitrification in natural samples. (1); fractions were collected and radioactivity was quantified by gamma spectrometry. Retention times were confirmed by UV absorption at 210 nm with standards of NO3-and NO2-. Approximate retention times for NH4+, NO2-, and N03-were 2, 5, and 7 min, respectively.
In general, experiments were initiated by combining 5 or 10 ml of either an enrichment culture of an estuarine ammonium oxidizer or a natural water sample with about 0.5 ml of the 13NH4+ solution. Two methods were used to monitor 13NO2-production: (i) discrete separation of NO3-and NO2-pools from NH4+ by anion-exchange HPLC (7-min run time; see above) and counting of fractions and (ii) a more rapid procedure in which samples taken over a period of time ammonium oxidizer as analyzed (i) by direct HPLC radiochromatography and (ii) by determination of radioactivity passing through a cation resin bed of Dowex 5OW-X, Na form (resin rinse method).
were passed through a cation resin to remove NH4' and its associated radioactivity and then the radioactivity in the eluate (resin rinse) was counted. Over the course of about 60 min, small subsamples (100 ,ul to 1 ml) of the assay mixture were periodically removed and applied to a 1-to 2-ml wetted bed of Dowex 50W-X contained in a 3-ml syringe barrel or a small, fritted, plastic chromatography column. The resin was immediately rinsed with three 1-ml washes of distilled water, and the combined rinses were counted for total radioactivity. For HPLC, a 1-ml subsample of the rinse was used after it was counted. For the resin rinse method, experiments were also performed with samples of 0.2 F.M filtered seawater to assess the extent of any breakthrough of '3NH4' past the cation resin. In later experiments on natural seawater, a nitropyrin (N-Serve, a nitrification inhibitor) control was also used. Attempts to use the HPLC approach on the seawater samples were unsuccessful, possibly because of much lower nitrifier densities and aggregate activities in the natural samples than in the enrichment cultures.
We initially developed our methods using an enrichment Corrected for any NH4' breakthrough past the cation resin.
d NSA, N-Serve-sensitive activity, or (total nitrification -N-Serve-insensitive activity). N-Serve-sensitive nitrification/total nitrification (TOT). [13N]ammonium added to samples freshly collected from Long Island Sound and assayed within 3 h was rapidly converted to oxidized end products (Table 2) . In 1985 studies, about 8% of the NH4+ pool per h was converted in samples collected in the summer, while a somewhat lower pool turnover (1.8 to 5%/h) was noted in the samples collected in May and June 1986. When the daily observed concentrations of ammonium were used, nitrification rates varied from 75 to about 300 nmol/liter per h. The addition of nitrapyrin resulted in 60 to 90% inhibition of the counts passing the resin, confirming that the activity was predominantly attributable to nitrifiers. The absence of complete inhibition may be a result either of nitrapyrin-insensitive nitrifiers or of products of ammonium oxidation which do not arise through the classical autotrophic nitrification pathway.
The overall impact of nitrification on water column nitrogen cycling appears to change dramatically throughout the season. Parallel estimates of ammonium uptake at the Crane Neck site in May indicated utilization of the NH4+ pool at a rate of about 1.5%/h (C. A. Suttle, J. Fuhrman, and D. G. Capone, Limnol. Oceanogr., in press) (cf. 3.1 to 4.4%/h for nitrification; Table 1 ). As temperatures increased and NH4' concentrations decreased, ammonium uptake accounted for 460%/h by the end of June, far surpassing nitrification rates.
Our 13N-based values for Long Island Sound water column samples fall within the range of recent estimates of nitrification in estuaries; these estimates were based on longer-term assays with 15NH4+ (9, 10) and shorter-term, dark 14CO2-nitrification inhibitor assays (4, 12) and are considerably higher than estimates for open ocean waters (9) . Thus, we can provide independent confirmation of the validity of these prior estimates and are able to confirm that nitrification is an active and at times a quantitatively important process in the water column of estuaries.
